Noninvasive tests to differentiate the basis for acute dysfunction of the kidney allograft are preferable to invasive allograft biopsies. We measured absolute levels of 26 prespecified mRNAs in urine samples collected from kidney graft recipients at the time of for-cause biopsy for acute allograft dysfunction and investigated whether differential diagnosis of acute graft dysfunction is feasible using urinary cell mRNA profiles. We profiled 52 urine samples from 52 patients with biopsy specimens indicating acute rejection (26 acute T cell-mediated rejection and 26 acute antibody-mediated rejection) and 32 urine samples from 32 patients with acute tubular injury without acute rejection. A stepwise quadratic discriminant analysis of mRNA measures identified a linear combination of mRNAs for CD3«, CD105, TLR4, CD14, complement factor B, and vimentin that distinguishes acute rejection from acute tubular injury; 10-fold cross-validation of the six-gene signature yielded an estimate of the area under the curve of 0.92 (95% confidence interval, 0.86 to 0.98). In a decision analysis, the six-gene signature yielded the highest net benefit across a range of reasonable threshold probabilities for biopsy. Next, among patients diagnosed with acute rejection, a similar statistical approach identified a linear combination of mRNAs for CD3«, CD105, CD14, CD46, and 18S rRNA that distinguishes T cell-mediated rejection from antibody-mediated rejection, with a cross-validated estimate of the area under the curve of 0.81 (95% confidence interval, 0.68 to 0.93). Incorporation of these urinary cell mRNA signatures in clinical decisions may reduce the number of biopsies in patients with acute dysfunction of the kidney allograft.
allograft dysfunction. 1, 2 Because acute rejection (AR) requires an increase in immunosuppressive therapy and ATI does not, it is imperative to differentiate AR from ATI. Although immunosuppressive drug levels and sensitization status may influence the perceived risk of AR, physicians do not accurately predict the histologic basis of acute graft dysfunction in most instances. 3, 4 Thus, there is continued reliance on allograft biopsies to confirm AR. Typically, acute allograft dysfunction, after excluding prerenal or postrenal causes with reasonable certainty, triggers the decision for an allograft biopsy.
Invasive kidney biopsies, despite becoming safer, still poses challenges, including bleeding and other complications, sampling errors, interobserver variability in interpretation, logistics, and costs. 5, 6 Therefore, there is a need to develop noninvasive tools for the differential diagnosis of acute dysfunction of the kidney allograft.
We have developed quantitative PCR (RT-PCR) assays to measure absolute levels of mRNA of immune products and showed that urinary cell mRNA profiles offer a noninvasive means of predicting ACR. [7] [8] [9] [10] The current study, while building on earlier studies of urinary cell mRNA profiling, advances the field in a number of important ways including (1) development of signatures discriminating AR from ATI and ACR from AMR, (2) introduction of a stepwise algorithm for the differential diagnosis of acute allograft dysfunction; and (3) application of decision analysis to calculate the net benefit across a range of reasonable threshold probabilities for kidney allograft biopsy.
RESULTS

Patients and Samples
We measured absolute levels of mRNAs in 84 urine samples from 84 kidney transplant recipients who had undergone a clinically indicated (for-cause) kidney allograft biopsy at our institution to determine the cause of their acute allograft dysfunction ( Figure 1 ). All 84 patients had either an elevation in the level of serum creatinine from baseline or persistently elevated serum creatinine levels that did not decrease as expected that prompted the treating physician to do a biopsy. Urine samples were collected at the time of a for-cause biopsy and before the initiation of any specific treatment. Among 84 biopsy-matched urine samples, 52 samples were from patients with biopsies showing AR (26 ACR and 26 AMR), and 32 samples were from patients with biopsies showing ATI without AR (Table 1) . We selected biopsy-matched urine specimens at a ratio of 3:2 for AR:ATI and 1:1 for ACR:AMR. The 3:2 ratio is an approximation of the expected proportions of the biopsy diagnosis in consecutive biopsies performed for suspected AR. We used a 1:1 ratio of ACR:AMR to develop robust biomarkers for distinguishing these two major subtypes of AR. Urine from patients with less frequent findings, such as BK virus nephropathy or allergic interstitial nephritis, were not included. As illustrated in Figure 1 , we used a two-step approach to develop the diagnostic signatures for the differential diagnosis of acute graft dysfunction. First, we sought to differentiate AR (both types; n=52) from ATI (n=32) with the use of urinary cell mRNA levels. Second, using the same assay results, we sought to differentiate ACR (n=26) from AMR (n=26).
Urine volume and quantity and purity of total RNA isolated from the urinary cells did not vary across the three diagnostic categories ( Table 1) . The quantity and purity of total RNA and the absolute levels of housekeeping/reference gene 18S ribosomal RNA (rRNA) were not related to the time from transplantation to biopsy/urine collection (Supplemental Figure 1 ).
mRNA Levels in Urinary Cells
We designed gene-specific oligonucleotide primers and TaqMan probes (Supplemental Table 1 ) and measured absolute levels of 26 prespecified mRNAs and 18S rRNA in urinary cells using preamplification-enhanced real-time quantitative PCR assays. 10 We designed the 26-member mRNA panel to be mechanistically informative and include mRNAs encoding proteins implicated in innate as well as adaptive immunity. Table 2 shows the median (interquartile range) absolute copy number per microgram of total RNA of all 26 mRNAs measured and the levels of 18S rRNA in the urinary cells from all 84 patients. Box plots of the levels are illustrated in Supplemental Figure 2 .
The levels of all 26 mRNAs and the levels of 18S rRNA were significantly different (P,0.05) in urinary cells from the patients with biopsies showing ACR, AMR, or ATI by KruskalWallis test. Pairwise comparisons using Dunn's test showed that urinary cell levels of mRNA for CD3«, perforin, FoxP3, and CD20 were significantly different between ACR and AMR, between ACR and ATI, and between AMR and ATI. Pairwise comparisons also showed that the levels of 18 rRNA were significantly different between ACR and AMR and between ACR and ATI but not between AMR and ATI ( Table 2) .
Development of a Six-Gene Urinary Cell Diagnostic Signature to Differentiate AR from ATI Receiver-operating characteristic (ROC) curve analyses of the individual urinary cell mRNA measures to differentiate AR (both types) from ATI are shown in Supplemental Table 2 . We used stepwise quadratic discriminant analysis to develop a linear combination of variables that best predicted the diagnostic groups. 11 Because several patients in the ATI group had FoxP3 mRNA levels below the detection limit of the assay, we did not include it as an independent variable but used all other measures of 25 mRNAs and 18S rRNA as independent variables in the analysis. A six-gene model of natural logarithm (ln)-transformed mRNA values of CD3«, CD105, TLR4, CD14, Complement factor B, and Vimentin emerged as the parsimonious model yielding the diagnostic signature that distinguished AR from ATI: (0.523lnCD3«)+(1.023lnCD105)+(0.813lnTLR4)+ (2 1.163 lnCD14)+(0.283 lnComplement Factor B)+ (20.793lnVimentin), where the unit of measurement in the PCR assay is copies per microgram of total RNA. This diagnostic signature better differentiated AR from ATI than any single mRNA measure (e.g., versus CD3« [area under the ROC (AUC) =0.88], likelihood ratio test, P,0.001). The diagnostic signature also outperformed other variables: time from transplantation to biopsy (AUC=0.65), serum creatinine (AUC=0.59), and tacrolimus trough levels (AUC=0.77).
Internal Validation of the Six-Gene Urinary Cell Diagnostic Signature We did 10-fold cross-validation to internally validate the sixgene diagnostic signature ( Figure 2) . We used the predicted probability for each patient from the cross-validation to construct an ROC curve. Our six-gene model yielded a crossvalidated estimate of the AUC of 0.92 (95% confidence interval, 0.86 to 0.98; P,0.001). This estimate is the estimate of the expected value of the AUC in an independent sample not used for deriving the diagnostic signature.
Clinical Benefit of the Six-Gene Urinary Cell Diagnostic Signature We used decision curve analysis ( Figure 3 ) to assess whether the signature was clinically beneficial. 12 This analysis depicts the net benefit of the signature at various threshold probabilities (p t ), the minimum expected probability of AR at which the physician in consultation with the patient opts for a biopsy to diagnose AR (e.g., if a physician will do a biopsy when the probability of AR in a patient is 20% but will not do a biopsy if the probability is 19%, then the p t is 20%; this p t may vary among physicians). Our analysis showed that, across a range of reasonable threshold probabilities from 10% to 50%, the highest net benefit was for the diagnostic signature. The net reduction in avoidable biopsies per 100 patients when using the diagnostic signature is shown in Figure 3 , lower panel. Flowchart showing the two-step approach for the discovery and validation of urinary cell diagnostic signatures for the differential diagnosis of acute kidney graft dysfunction. We measured urinary cell transcript levels from 84 kidney transplant recipients with acute allograft dysfunction with the use of preamplification-enhanced real-time quantitative PCR assays using a customized amplicon to construct the standard curve and quantified mRNA abundance as copies per microgram of total RNA obtained from urinary cells. We used individual transcripts as variables to construct statistical models using discriminant analysis. In each model, the linear combination of variables yielded a discriminant score that constituted the diagnostic signature. We used a two-step approach to develop the diagnostic signatures. In the first step, we sought to differentiate AR (both types; n=52) from ATI (n=32). In the second step, with the use of the same PCR assay results, we sought to differentiate ACR (n=26) from AMR (n=26). We used 10-fold cross-validation to validate both the models. 
Development and Validation of a Five-Gene Urinary
Cell Diagnostic Signature to Differentiate ACR from AMR After distinguishing AR from ATI noninvasively using the sixgene diagnostic signature, we next determined if the two types of ARs, ACR and AMR, could be differentiated without the need for an invasive biopsy ( Figure 1 ). The diagnostic value of individual mRNAs to differentiate ACR from AMR, ascertained using the ROC curve analysis, is shown in Supplemental Table 3 
Other Attributes of the Urinary Cell Diagnostic Signatures
We examined whether the signature is diagnostic in patients induced with different types of induction therapy. The six-gene signature distinguishes AR from ATI in patients induced with lymphocyte-depleting antibodies (P,0.001) and patients induced with anti-IL-2 receptor antibodies or no induction (P,0.01) ( Table 3 ). Our analysis also showed that the fivegene signature distinguishes ACR from AMR in patients induced with lymphocyte-depleting antibodies (P,0.001) and patients induced with anti-IL-2 receptor antibodies or no induction (P,0.001) ( Table 3) . Tacrolimus and mycophenolate were used as maintenance immunosuppressive therapy with or without additional corticosteroids ( Table 1 ). The signature discriminated AR from ATI in patients managed with or without corticosteroid maintenance therapy (P,0.001 for both groups). The signature also distinguished ACR from AMR in patients managed with (P,0.001) or without (P,0.001) corticosteroid maintenance therapy (Table 3) .
We examined whether the two diagnostic signatures are associated with time from transplantation to biopsy/urine collection (Supplemental Table 4 ). Our evaluation showed that there was no significant relationship between the signatures and the time from transplantation to biopsy in patients induced with depleting or nondepleting antibodies ( Figure 5 ) (Spearman's correlation, P.0.05).
DISCUSSION
Our goal was to develop noninvasive molecular signatures in urine that differentiate common causes of acute kidney allograft dysfunction-a condition where an increase in serum creatinine suggests AR and triggers a for-cause biopsy. In this regard, physicians generally do not predict the histology of acute graft dysfunction well, 3, 4 and a sizable proportion of biopsies performed to confirm AR are, in fact, not AR and thus, can potentially be avoided. 4 We have successfully discovered and validated urinary cell mRNA signatures for the noninvasive diagnosis of acute Several features of our study have contributed to the development of robust noninvasive signatures. First, the three groups that we studied were well characterized, with no overlap in histologic features (Table 1) . Second, our refinement of the standard RT-PCR assays allowed for absolute quantification of levels of mRNAs of interest. Third, we used a mechanistically informative mRNA panel. Fourth, we used a two-step sequential approach to differentiate the three diagnostic categories of ACR, AMR, and ATI. The relatively large number of patients with AMR is also strength of our study.
An important attribute of our signatures is that the heterogeneity in patient-and transplant-related characteristics did not undermine the ability of the signatures to differentiate AR from ATI and ACR from AMR. We also report only the cross-validated results of our signatures, potentially minimizing the upward bias of the estimate caused by model overfit. The cross-validated AUC of 0.92 for the six-gene signature distinguishing AR from ATI and the crossvalidated AUC of 0.81 for the five-gene signature distinguishing ACR from AMR suggest very good discrimination. These AUCs are the expected values in an independent sample that has not been used for deriving the diagnostic signatures.
A new test can be accurate but in patient management, may or may not be useful compared with existing strategies. 13 From a clinical perspective, the six-gene signature differentiating AR from ATI is probably more important than the five-gene signature distinguishing ACR from AMR. To this end, we evaluated the clinical benefit of the six-gene signature using decision curve analysis. 12, 14 The advantage of this approach is that it provides a quantitative estimate of the benefit of a new test compared with the existing strategy. Our proportion of samples with AR (62%) and ATI Figure 2 . Predicted probability of AR from the 10-fold cross-validation of the six-gene urinary cell diagnostic signature. We measured absolute levels of 26 mRNAs and 18S rRNA in the urinary cells from 84 kidney graft recipients. We used quadratic discriminant function analysis to derive linear combination of mRNAs to better differentiate 52 AR biopsies (ACR and AMR; n=52 patients) from 32 ATI biopsies (n=32 patients) than any single mRNA measure. A linear combination of six mRNAs (CD3«, CD105, TLR4, CD14, Complement Factor B, and Vimentin) emerged as the parsimonious model and yielded a discriminant score that constituted the diagnostic signature. We did 10-fold cross-validation to internally validate the six-gene diagnostic signature. The entire study cohort of 84 patients was randomly divided into 10 equal groups. Within each of 10 groups, the proportion of samples (AR versus ATI) was similar to the undivided cohort. At the first run, group 1 (10% of samples) was excluded, and a signature was derived from the remaining nine groups (90% of samples), including both variables selection and model fitting. Next, this newly derived signature was applied to samples of group 1 to predict their diagnostic outcome. In the second run, group 2 was excluded, and a signature was derived from the remaining nine groups (90% of samples), including both variables selection and model fitting. This newly derived signature was applied to samples of group 2 (10% of samples) to predict their diagnostic outcome. This iteration was done for all 10 groups. Thus, all observations were used for both deriving and validating a model, and each observation was used for validation exactly one time. Accordingly, the predicted probability for an individual patient was derived from a model that did not include any data from that patient. We used the predicted probability for each patient from the cross-validation to construct an ROC curve. The left panel shows the box plot of predicted probability of AR from the cross-validation. The horizontal line within each box represents the median, and the plus symbol represents the mean. The bottom and top of each box represent 1.5 times the interquartile range. The values beyond 1.5 times the interquartile range are shown as dots. The discrimination slope is the difference between the means of the predicted probabilities of the two groups. The right panel shows the ROC curve of the predicted probability for each patient from the cross-validation to diagnose AR. The sensitivity (true positive fraction), specificity (false positive fraction), likelihood ratio of a positive test (LR+; sensitivity/12specificity), and likelihood ratio of a negative test (LR2; 12sensitivity/specificity) for various cutpoints of predicted risks are shown beneath the x axis. The AUC is the estimate of the expected value in an independent sample not used for deriving the diagnostic signature.
(38%) is a reasonable approximation that can be expected in consecutive biopsies done for acute allograft dysfunction. 15 Thus, approximately 35%-40% of biopsies done to confirm AR, are not, in fact, AR, and can potentially be avoided. Instead of the current strategy to biopsy all to confirm AR, if the physician uses the six-gene signature, then a substantial number of biopsies can be avoided without an undue number of patients with AR experiencing delayed diagnosis. This benefit is present across a range of reasonable physician threshold probabilities to do a biopsy. Moreover, cost of the described PCR assay is approximately $300, and at our institution, the Medicare reimbursement for a kidney biopsy is approxiamtely $3000. Thus, the use of the six-gene signature for clinical decision results in substantial cost savings as well. Among patients thus identified as AR, incorporating the five-gene signature in the decision process (for example, by treating ACR based on the signature with highdose intravenous corticosteroids and restricting biopsies only for AMR, a condition that requires complex treatment decisions, or patients with ACR who do not respond to corticosteroids) will further reduce the need for invasive biopsies.
Our preamplification protocol for the PCR assay allows for measurement of several mRNAs in a small quantity of cDNA. 8 The turnaround time for the PCR assay is about 6 hours-the same time needed for a provisional read on biopsies but at a fraction of the cost of biopsies, which is especially important in the current health care cost-conscious environment.
Other biomarkers have been evaluated for the diagnosis of acute allograft dysfunction. In a study of 182 consecutive kidney transplant recipients, urinary neutrophil gelatinase-associated lipocalin protein levels were higher in 9 patients with biopsy-proven AR compared with 35 patients with other causes of AKI. However, Figure 3 . Decision curve analysis to assess the clinical benefit of the six-gene urinary cell diagnostic signature to differentiate AR from ATI. We used the predicted probability for each patient from the 10-fold cross-validation in decision curve analysis to quantify the clinical benefit of the diagnostic signature in terms of the number of unnecessary biopsies that can be avoided in the diagnosis of AR. In the upper panel, the y axis represents the net benefit ((true positive count/n)2(false positive count/n)3[p t /(12p t )]), where true positive count is the number of patients with AR, false positive count is the number of patients with ATI, n is the total number of patients, and p t is the threshold probability. Here, p t /(12p t ) is the ratio of the harms of false positive to false negative results. Of 84 patients that we studied, 52 (62%) patients had AR. This proportion of AR is a reasonable approximation of the expected incidence of AR in consecutive for-cause (diagnostic) biopsies done to identify the cause of acute graft dysfunction. The green line is the net benefit of the urinary cell diagnostic signature. This strategy is compared with the biopsy all patients strategy (red line), which is essentially the current approach. The blue line, which represents no net benefit, is the biopsy none strategy. The decision curve plot depicts that, among patients who present with acute graft dysfunction, within a reasonable physician/patient threshold probability for doing a biopsy to diagnose AR, the use of urinary cell diagnostic signature is beneficial compared with the current biopsy all patients strategy. In the lower panel, for each threshold probability on the x axis, the corresponding value on the y axis represents the net reduction in avoidable biopsies per 100 patients when using the diagnostic signature.
clinical criteria rather than biopsy were used to define AKI. Moreover, creatinine levels were also different between patients with AR and AKI. 16 In a recent study, peripheral blood mononuclear cell levels of IL-6 protein differentiated 29 patients with rejection (12 patients with ACR, 7 patients with AMR, and 10 patients with borderline) from 35 patients with no rejection (6 patients with ATI, 20 patients with chronic damage, and 9 patients with others) with an AUC of 0.79 in a training cohort and AUC of 0.85 in the validation cohort. However, there were very few ATI, an important masquerade of AR. Moreover, IL-6 levels did not differentiate ACR from AMR. 17 In a study of 21 ACR and 8 AMR patients, urinary protein levels of endothelial protein c receptor differentiated ACR from AMR with an AUC of 0.875. This study, however, did not include patients with ATI. 18 There are a number of limitations in our study design. We do not know the temporal relation between the signature and the diagnostic outcome. We know neither the longitudinal trajectory of the signature nor the level in stable transplant patients with normal allograft function. However, because our goal was to develop signatures for allograft dysfunction, these weaknesses do not hinder its use. Another limitation is that we did not profile prospectively the urine of every patient with acute allograft dysfunction who required a biopsy to confirm AR. However, our study cohort represents the vast majority of transplant recipients who present with acute allograft dysfunction. 15 External validation with the use of an independent dataset (a dataset not involved in model development) would be a robust way of showing the generalizability of our findings. Also, the study design was not conducive to determine whether the signature functions as not only a diagnostic biomarker but also, a treatment response-predictive biomarker.
An important consideration in evaluating the clinical use of the signatures developed in this study is the impact of infection on the diagnostic accuracy of the signatures. The findings from the recent Clinical Trials of Transplantation-04 (CTOT-04) study revealed that, although bacterial urinary tract infection, blood infection, and cytomegalovirus infection do not impact the diagnostic accuracy of the signature, BK virus infection does impact the signature. 10 We, therefore, suggest that the clinical decision to biopsy could be made independent of the presence of urinary tract infection, blood infection, and cytomegalovirus, but the signature would not obviate a biopsy in the presence of BK virus infection.
Urinary cell mRNA profiles have been recently validated in a multicenter trial (CTOT-04 study) as robust biomarkers of ACR. 10 A three-gene signature of 18S rRNA-normalized measures of CD3«, IP-10, and 18S rRNA distinguished biopsies showing ACR from biopsies not showing rejection, and the cross-validated estimate of the AUC was 0.83 by bootstrap resampling. However, there were only nine AMR biopsy-matched urine samples in the multicenter trial, which precluded an analysis of the use of the three-gene signature in diagnosing AMR. Unfortunately, we did not measure IP-10 mRNA in the current study, because the diagnostic accuracy of the three-gene signature was not known to us when we designed the 26-member mRNA panel. Hence, in the current investigation, we were unable to compare the performance of the signatures developed in this study with the signature developed in the multicenter trial. We do note that the two transcripts measured in both studies-CD3« mRNA and 18S rRNA-are significantly associated with ACR biopsy diagnosis in both studies.
In conclusion, we have discovered and validated urinary cell mRNA-based signatures for the differential diagnosis of acute dysfunction of kidney allografts. If validated in an independent dataset, the signatures can be incorporated in clinical decisions for managing kidney transplant recipients with acute allograft dysfunction, potentially avoiding a substantial number of biopsies. (Figure 1 ), in the second step and among patients diagnosed with AR biopsies, we derived (using the same assay results) another urinary cell diagnostic signature to better differentiate ACR biopsies (n=26 patients) from AMR biopsies (n=26 patients) than any single mRNA measure. By quadratic discriminant function analysis, a linear combination of four mRNAs (CD3«, CD105, CD14, and CD46) and 18S rRNA emerged as the parsimonious model and yielded a discriminant score that constituted the diagnostic signature. We did 10-fold cross-validation to internally validate the five-gene diagnostic signature. The left panel shows the box plot of predicted probability of ACR biopsies from the cross-validation. The right panel shows the ROC curve of the five-gene urinary cell diagnostic signature to diagnose ACR. The AUC is the estimate of the expected value in an independent sample not used for deriving the diagnostic signature.
CONCISE METHODS
Study Cohorts
All kidney graft recipients provided written informed consent to participate in the study, and our Institutional Review Board approved the study. The clinical and research activities that we report are consistent with the Principles of the Declaration of Istanbul as outlined in the Declaration of Istanbul on Organ Trafficking and Transplant Tourism. A single pathologist (S.V.S.), with no prior information about the urinary cell gene expression results, evaluated the biopsy specimens and categorized them using the Banff 2007 update of the Banff 1997 classification. 19 There were 26 ACR (interstitial inflammation and 
Quantification of mRNAs
Details for the absolute quantification of mRNAs using preamplification-enhanced real-time quantitative PCR assays are provided in Supplemental Appendix.
Statistical Analyses
We used a two-step approach to develop our diagnostic signatures. In both steps, we first calculated the AUC for each mRNA measure to differentiate the two diagnosticcategories.Wethen used quadratic discriminant function analysis to develop a linear combination of variables that best predicted the diagnostic outcome. The linear combination of variables yielded a discriminant score that constituted the diagnostic signature. We did 10-fold crossvalidation to internally validate our diagnostic signatures. The predicted probability for each patient from the cross-validation was then used in decision curve analysis to quantify the clinical benefit of the diagnostic signature in terms of the number of unnecessary biopsies that can be avoided in the diagnosis of AR. We used JMP 10.0.2 software (SAS Institute, Inc., Cary, NC) for discriminant analysis and Stata 11.2 software (StataCorp., College Station, TX) for decision curve analysis. Further details about the statistical analyses are provided in the Supplemental Appendix. 
